Burnets were surveyed in 100 semi-natural pastures in the province of Östergötland, southeastern Sweden. We analysed the presence/absence of burnets in relation to habitat characteristics, and species richness of butterflies and plants. Five species were found (Adscita statices, Zygaena osterodensis, Z. viciae, Z. filipendulae and Z. lonicerae), all occurring in 33%-36% of the localities. Among these, four are nationally red-listed. More species were found on (1) large semi-natural pastures, compared with small, (2) low-to medium-grazed semi-natural pastures, compared with heavily grazed, and (3) open semi-natural pastures, compared with wooded. A. statices and Z. viciae had a higher frequency of occupancy at localities surrounded by a large density of pastures, but the occurence of the other species did not rely on this variable. The number of burnet species per locality was positively correlated with the number of butterfly species, and slightly positively correlated with species richness of plants. The difference in species richness among burnets, butterflies and plants may be explained by different responses to grazing pressure; the species richness of burnets and butterflies peaked in localities with a low grazing pressure, while species richness of plants was unaffected by grazing. As burnets are easily surveyed and indicate a high butterfly-species richness, they may be suitable indicators of species richness of pastures. As uniform management with heavy grazing is detrimental for burnets and for many butterflies, it should be avoided at localities with a speciesrich fauna.
Introduction
Burnets (Zygaenidae) are day-active Lepidoptera with a biology similar to many butterflies (Tremewan 1985) . Many burnets seem to have a limited mobility (Bourn 1995 , Naumann et al. 1999 , Menéndez et al. 2002 and are often restricted to small areas (Ravenscroft & Young 1996 , Crispin & Warrington 1997 . At suitable habitats, they may be abundant (Bourn 1995 , Naumann et al. 1999 . The population structure of some burnets shows similarities with butter-flies known to occur in metapopulations (Ravenscroft & Young 1996 . Adult burnets are frequent visitors of flowers where they feed on nectar (Tremewan 1985 , Crispin & Warrington 1997 , and locally burnets have been found to be the dominating pollinators of rare orchids (Lind & Lindeborg 1989 , Nazarov 1993 .
Many butterfly species have been studied in detail regarding their habitat requirements (e.g. Thomas 1984 , Thomas 1994 , Hanski & Thomas 1994 , Pullin 1995 . Knowledge of burnets is scanty, compared to that of many butterflies; the distribution of many European burnets is not fully known (Naumann et al. 1999 , Huldén et al. 2000 , Saarinen et al. 2003 and no international red lists for burnets have been compiled, as there exist for butterflies (van Swaay & Warren 2003) . In Europe, a great decline in the distribution of burnets has been documented during the last century (Mikkola 1979 , Zarzycki & Dabrowski 1986 , Mikkola 1987 , Barbour & Waring 1991 , Väisänen & Somerma 1993 , Kulfan & Kulfan 1996 , Gärdenfors 2000 . In Finland and Sweden, there are old records from some provinces where they now are absent (Väisänen & Somerma 1993 , Gärdenfors 2000 . In Norway, Z. lonicerae has disappeared from vast areas (Hansen & Aarvik 2000) . Z. viciae went extinct from the largest locality in Great Britain, New Forest, in 1927 and is currently known only from one site in Britain (Ravenscroft et al. 1993) .
Burnets occur mainly on dry grasslands, and one of their most important habitat types is seminatural pasture (Naumann et al. 1999) . Over the past 100 years, the area of semi-natural grasslands has substantially decreased in Europe (e.g. van Swaay & Warren 2003) . Since the late 1950's, the area of semi-natural pastures (used for grazing) in Sweden has decreased by 30% (Anon. 1990). Meadows (used for hay-making) have decreased even more, and today only 0.5% remains of the area present in the late 1950 's (Anon. 1990 . Consequently, many species living on semi-natural grassland are red-listed (e.g. Gär-denfors 2000) . In Sweden, and many other countries in Western Europe, conservation of seminatural pastures has mainly been based on management that aims at maintaining grazing-dependent and sun-demanding flora (Ekstam & Forshed 1992 , Watkinson & Ormerod 2001 . Other organisms in semi-natural pastures do not necessarily have the same habitat requirements as these plants, and that may explain why the species richnesses of different taxa in pastures do not often correlate (Pärt & Söderström 1999 , Vessby et al. 2002 , Kruess & Tscharntke 2002 .
Conservation of semi-natural pastures should preferably be based not only on the flora, but also knowledge about requirements of insects, as they are the most species-rich taxon. However, there is usually lack of time, economic resources or taxonomic expertise to carry out inventories for each insect taxa (Oliver & Beattie 1996) and for that reason it may be useful to identify biodiversity indicators, viz. groups of species that are associated with a high total biodiversity (McGeoch 1998). Naumann et al. (1999) suggest burnets as an indicator group, but their potential as predictors of species richness of other taxa has never been tested.
The aim of this study was to analyse the occupancy patterns of burnets in relation to habitat characteristics. We collected presence/absence data of burnet moths in semi-natural pastures in southeastern Sweden, and tried to relate their species richness to the species richness of butterflies and plants, both taxa that are often used as indicators. We explored whether the difference in species richness between these three organism groups may be explained by different response to locality characteristics. Based on this information, the potential for using burnet moths as biodiversity indicators was discussed.
Methods and study area

Study area, and locality variables
The study was carried out in 100 semi-natural pastures in the province of Östergötland, southeastern Sweden. One of the highest concentrations of semi-natural pastures on the Swedish mainland occurs in southwestern Östergötland (Lindahl 1997 ; Fig. 1 ), while the density is much lower in the southern and northwestern parts that are dominated by forest land (Anon. 1996) .
The survey was conducted on ancient pastures of which the majority were grazed by cattle.
Recently abandoned localities that have retained biological characteristics of ancient grassland were exceptionally included in the survey. Mainly localities known to have a rich flora of vascular plants were selected for sampling. The distance between surveyed localities was at least 1 km. Localities apparently affected by active fertilization or cultivation activities were not included in the survey.
The localities were described by variables possibly reflecting habitat quality (Table 1) . For some of these variables, the data were from the Ancient Meadows and Pastures Survey (Måreby 1991) , while others were estimated at the inventory. Plant data were only available for 92 of the 100 surveyed localities. An index of the density of semi-natural pastures in the surrounding was calculated as follows: Index = (N 1 / Ò 1 ) + (N 10 / Ò 10 ) + (A 1 / Ã 1 ) + (A 10 / Ã 10 ) (1) where N 1 is the number of semi-natural pastures within 1 km from the surveyed locality, N 10 is the number of semi-natural pastures within 10 km (with the number of semi-natural pastures within 1 km excluded), A 1 is the area of the semi-natural pastures within 1 km (with the size of the studied locality excluded), and A 10 is the area of semi-nat- Number of butterfly species found at each locality 5 Continuous 1 Follows the project "Ancient Meadows and Pastures", in some cases it is the tot al from several adjacent sub-localities. 2 Calculated as an index in equation (1) from the number and size of p astures situated within a radius of 1 and 10 km from the surveyed locality. 3 Heavy grazing pressure means that the sward height was less than 15 cm at the main part of the surveyed locality. 4 Among those used in the project "Ancient Meadows and Pastures". The species are regarded as indicators of grazed, unfertilized meadows and pastures (Lindahl 1997) . 5 Observed concurrently with the survey of burnets.
ural pastures within 10 km from the surveyed locality minus A 1 , Ò 1 , Ò 10 , Ã 1 , Ã 10 are the means of N 1 , N 10 , A 1 and A 10 , respectively, for all 100 pastures of study. We used this index because these variables were strongly autocorrelated, so it would have been impossible to avoid confounding variables if these variables had been treated separately. The index reflects the possibility for species to persist (i.e. occur at the surveyed locality) and gets a high value if several small localities, instead of one large, occur in the surrounding. This is probably the case if increased asynchrony and heterogeneity decreases extinction risks (Sutcliffe et al. 1996 , Kindvall 1996 , and because habitat characteristics and management regimes are more variable between many small localities, compared to one large.
Inventories
The presence/absence of butterflies and burnets was recorded, at each of the 100 localities during one year between 1993 and 2001. The majority of the species occurring at a given site will be recorded if each locality is visited at least three times in appropriate weather conditions between June and August (Weibull et al. 2000 , Nilsson 2002 ). We used a standard method for butterfly surveys (Pollard 1977) , but with a lower number of visits per locality (3-6 times per year) and the extent of the survey limited to June-August. All surveys were carried out between 10 AM and 4 PM, at favourable weather conditions; if weather was capricious an extra visit was done, explaining the variation in the number of visits among localities. No surveys were carried out if temperature <+17º C, cloudiness >50% or wind >8 m/s. Between-year fluctuations probably have a minor influence on our results, as the analyses are based on presence/absence data that are more stable between years than abundance data (Pollard & Yates 1993) .
Each transect was designed to traverse a range of habitats considered to be representative of the locality. Within each habitat, places rich in flowers and with warm microclimate were intentionally sought out to increase the possibility of recording all present species. The length of a transect, and thus the time spent on each locality, increased with the size of the locality. On average, 40-80 minutes effective search time was spent on each locality. The majority of the specimens were easily identified in the field, but in exceptional cases individuals were caught for identification. For butterflies, total species richness was estimated, but also a subset of butterflies mainly occurring in pastures (Dal 1978 , Henriksen & Kreutzer 1982 ; Appendix 1) were constructed. Indicator plants were identified and surveyed in the Ancient Meadows and Pastures Survey (Må-reby 1991).
Statistics
In multiple logistic regressions, the presence or absence of individual burnet species was used as dependent variable, and locality size, pasture density, grazing pressure and presence of trees as independent variables (Table 1) . Insignificant variables (p > 0.1) were excluded from the final model using backward elimination (log LR-sig.). The influence of habitat variables on species richness of burnets (square-root transformed to correct for non-normality), butterflies and plants was analysed using multiple linear regression. Insignificant variable(s) (p > 0.05) was excluded from the final model using backward elimination. The number of burnet, butterfly and plant species were used as dependent variables, and locality size, pasture density, grazing pressure and presence of trees as independent ones. The possible correlation between species richness of burnets, and that of butterflies, pasture butterflies and plants, was examined using Pearson product-moment two-tailed correlation coefficient. All statistical analyses were carried out by use of SPSS 10.05 Advanced Statistics software.
Results
The number of burnet species recorded per locality ranged from zero to five (mean = 1.75). Five species were found, all with a frequency of 33%-36% of the localities. A. statices and Z. osterodensis were absent from the northern part of the study area, while Z. lonicerae was rare there (Fig.  2) . Z. filipendulae alone had almost the same fre- quency of occurrence in all parts of the study area. Two out of five species showed a positive correlation with the size of the locality, and three species had a higher frequency of occurrence in open pastures, compared to wooded ones (Tables 2-3). Z. lonicerae had a higher frequency of occupancy at low-and medium-grazed semi-natural pastures. The presence of A. statices and Z. viciae was positively related with pasture density (Table  2 ). The locality size and the pasture density correlated positively with each other (Table 1 ; Pearson r = 0.479, p < 0.01). More burnets species were found on: (1) large semi-natural pastures, compared with small ones, 2) low-and mediumgrazed semi-natural pastures, compared with heavily-grazed ones, and (3) open semi-natural pastures, compared with wooded ones (Table 4) .
The number of burnet species per locality was positively correlated with the number of butterfly species and with the number of plant species (Table 5). Species richness among a subset of 24 butterfly species associated with pastures had even stronger correlation with the number of burnets than the total species richness of butterflies had (Table 5) . Several localities harboured a relatively species rich butterfly fauna despite no burnets being present. If many burnets were observed present on a given locality, then also many Table 3 . Frequency of the presence of burnets in semi-natural pastures (see Table 1 ). Data in relative frequencies (%).
Species
Locality size Pasture density Grazing pressure Presence of trees 0.6-4.0 4.0-9.5 9.5-48.8 0. butterfly species were present (Fig. 4) . Species richness of burnets and butterflies was higher in low-and medium-grazed localities, while a difference in grazing intensity did not affect species richness of plants (Table 4 , Fig. 3 ). Species richness of the three focal groups responded to the amount of pastures in the surroundings, and locality size, in a similar way. All groups tended to be slightly more species rich at open localities compared with wooded ones, the trend being significant only for burnets and butterflies.
Discussion
Burnet occurrence and species richness
Larger localities hosted a more species-rich burnet fauna, compared to smaller ones. This can be explained by the fact that (1) larger patches of habitat are more often colonised and there is an increased risk for extinction in the small ones (e.g. Thomas & Harrison 1992) , (2) larger patches can potentially contain more types of habitat, which in turn increases environmental heterogeneity (Pollard & Yates 1993) , and (3) the Table 5 . Pearson correlation between the number of burnet species and butterfly species, pasture butterflies (Appendix 1) and indicator plant species recorded at each locality. The plant species consists of species considered as indicators of grazed, unfertilized meadows and pastures (see Table 1 The number of plants (R probability of recording a species is higher along a longer transect, compared with a shorter one (Pollard & Yates 1993 , Hellmann & Fowler 1999 .
A. statices and Z. viciae occurred in a higher frequency at localities surrounded by a high density of pastures. This may be an effect of higher colonisation rates and/or lower extinction risk due to the rescue effect (Brown & Kodric-Brown 1977) in landscapes with a high density of suitable patches of habitat. This may result from a metapopulation structure; the density of suitable patches may be too low to permit metapopulation survival in those parts of the study area where the species were absent, while the frequency of presence may be relatively high in landscapes where the habitat density still exceeds a threshold, enabling metapopulations to sustain. The spatial distribution of many butterfly species is limited due to the landscape composition and the shortage of suitable habitat patches . Modelling has been a useful tool for understanding the present occurrence pattern and predicting extinction risks for butterfly species (León-Cortés et al. 2003a, b) , and might also be useful for the studied burnet species. However, to get a reliable outcome from such models, studies on the population ecology of these species, especially their dispersal, are necessary. Mark-recapture studies have shown that burnets are sedentary, but they may be able to disperse long distances; the longest flight distance recorded for burnets is 3.3 km (Kreusel 1999) . Movements of over three kilometres are usually not observed among sedentary butterflies (Schneider 2003) .
Species richness of burnets was lower in wooded pastures, compared with open ones, possibly because the shading from the trees generates an unfavourable microclimate for the burnet larvae. Another possible explanation is that the habitat quality may be lower because the amount of plants, used for adult feeding and larval food, is lower (Greatorex-Davies et al. 1993 , Pollard & Yates 1993 .
At localities with a heavy grazing pressure, the species richness of burnets was lower; heavy grazing has been shown to be detrimental for burnets (Naumann et al. 1999 , Waring 2001 . However, Ravenscroft and Young (1996) studied Z. loti in Scotland and found that the species occurred only in areas with short vegetation and warm microclimate, often as a consequence of heavy grazing. One reason why heavy grazing is detrimental for burnets may be that the larvae and puparia of burnets occur exposed on stalks (Tremewan 1985 , Schmidt-Loske 1993 , Bourn 1995 and consequently become susceptible to grazing or mowing. Also butterflies may be sensitive to heavy grazing (Fig. 3, Warren 1993 , Thomas 1995 , Balmer & Erhardt 2000 , Franzén & Ranius 2004 .
Correlation between burnet species and other taxa
The number of burnet species per locality correlated positively with the number of butterfly species, especially with those considered to be associated with pastures (Table 5) , possibly reflecting the fact that burnets and butterflies in general have similar biology and habitat requirements. However, the correlation between the number of burnet species and that of plant species was surprisingly weak, possibly resulting from different responses to grazing pressure among species richnesses of burnets, butterflies and vascular plants (Fig. 3) . The correlation between species richness of butterflies and burnets is at least partly due to the similar preference for low grazing-intensity localities, while the correlation with species richness of plants is weaker because the plant species richness may be independent of grazing pressure (Fig 3) . Erhardt and Thomas (1991) found that there is often an association between plants and number of butterfly species, but that their responses to management differ. The majority of the plants occurring at grassland habitats are susceptible to heavy grazing mainly because their roots seldom experience any damage, and disturbance caused by grazing favours seed production and increases growth (Ekstam & Forshed 1992) . For that reason, it is important to avoid uniformly managed pastures with heavy grazing. To preserve burnets and other insects, the grazing pressure should be lower at least on some areas within the localities.
In Sweden, mainly vascular plants have been taken in consideration in the conservation of pas-tures and meadows (Ekstam & Forshed 1992) . Despite being the most species-rich taxon, insects have rarely been given priority in conservation measures of pastures, although insects are potentially useful biodiversity indicators, as their richness correlates with total biodiversity (e.g. Lambeck 1997 , McGeoch 1998 , Kerr et al. 2000 . The lack of correlation between different insect taxa makes it impossible to identify one single group that can be used as indicators for all taxa (Faith & Walker 1996 , Dufrêne & Legendre 1997 , Duelli & Obrist 1998 , Vessby et al. 2002 . The strong correlation between species richness of burnets and butterflies makes burnets promising as indicators of species-rich semi-natural pastures, but they should be used together with other groups, such as vascular plants. The use of burnets as indicators is supported by a study in southern Germany, where Kreusel (1999) demonstrated that pastures with any burnets sustained 90% of the endangered butterfly species in the area. Burnets are still relatively frequent in our study area, are easy to survey as they have conspicuous aposematic wing patterns, are mainly sedentary, are low-flying, and may be abundant (Naumann et al. 1999) . Another advantage with using burnets as indicators is that they frequently visit flowers and are often relatively long living (Naumann et al. 1999) .
The main problem with the use of burnets as biodiversity indicators is that their ecology is poorly known. Consequently, we do not know e.g. the spatial and temporal scales where burnets respond to habitat changes. Further studies in accordance with those of many butterflies (e.g. , Hanski & Thomas 1994 , Thomas 2000 should be carried out to achieve detailed knowledge about burnet population structure and habitat requirements.
